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S~FOREWORD

ii

The work described in this report was autnor;zed under Task IB3522301AC-8101,
Dissemination Investigations of Liquid and Solid Agents (U). T"he work was started

j in April 1964 and conlpleted in Septemb~er 1966.

B ~Reproduction of this document in whole or in part is prohibnteA except wvith

permission of the CO, Edgewood Arsenal, ATTN: SMUEA-RPR, Edgewood Arsenal,
S•Maryland 21010; how-ever, Defense Documentation Center is authorized ro reproduce

m the document for US Government purposes.I The infIfion in this document hos not been cleared for release to the

gtneral public-
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DIGEST

An investigation of the generation of aerosol b) ultrasonic means

was started. AlLi•nugh the work was terminated before it could be com-

pleted, the methods and results of this report should be useful in any

future study. The thery of a liquid flo% over the surface of an oscil-

lating reed was studied to help the understanding of high flow-rate

devices. A si=p!t rcnanz tu has been deveioped which contrasts

aith the usual parametric capillary wave theor). An cxperimental photo-

optical technique has been devised and ubed to give quantitative infor-

mation on droplet size and velocity distributions. Capillary wave

behavior has been examined experimentatii and compared with existing

theory. A possible explanation of the transition of capillary waves to

at, aerosol has been suggested. The existence of cavitation during sonic

aerosol production from %ater was verified.

Q
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I INTRODUCTION

This report summarize. a study of the problem of the basic mechanism

of sonic- aerosol formation.

Aerosol production from a thin liquid layer on a vibrating surface

has been known for many )ears, yet the basic mechanism control I ing the

drop formation is not kno.zl %iti* certainty. Two possibilities are gen-

erally suggested. One is that capillary waves, excite-d on tile sui-fa-e,

gro% to an unstable size and throwoff droplets from the'peaks of the aavs.

The theory of capillary sa~es themselves is well estabiished-see for

example, Eisenmengerl-but the step from capillary wares to aerosols has

only been explained in an empirical fashion.

The other possibility is the mechanism of cavitation. The generation

and collapse of microbubbles b% intense sonic forces is believed to cause

enough agitation in the liquid layer to cause the disruption of the surface.

A theoretical determination of capillary *aee forms in a liquid ia~er

flowing over an oscillating reed, a simple model for the high-flow devic-s,

is made in Section 1I. The free surface wave is found to grow through

resonant instability. In this linearized model, pressure extremes occur

at the free surface (where they are balanced by inertial and surtare tension

forces). it follows that the cavitation mechanism for aerosol formation

would be initiated near the free surface. Some correlation between aerosol

drop size and capillary wave lengths is obtained.

Section III describes uork, largely experimental, from another

direction. Here, the approach was tc first make experimental observations

and then compare observations with existing theory. Work ;as pursued on

the velocity and size distribution of the droplets. Capillary saves and

the subsequent transitions to an aerosol were examined extensivel%. An

attempt was made to obtain some design information on high flow-rate

atomizers that were developed in the earlier phases of the project. Also

a sampling technique was addpted for use with these high-flow de%ices.

-n 4



Section IV is a brief t-ummary of this work and it-: coticlusiotis.

Section V contains an evaluation of t.Ie preliminary reseuts of this work

and suggestions for using sonic generators for diszemination of CW agents.

The sonic studies described inu this report were done by various staff

members working along lines that could be separated aL the beginning of

tive Study but were to be wrpiged as thke work progressed. Because of a

thange in the overall SRI aerosol dissemination program, tihe several
pieces of this study could not be compl eted and integrated: lheice. an

unavoidable lack of continui t% betweena and uithin sections -Aill be apparent

to the reader.

-7I
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,Ii THEORETICAL STUDIES OF ULTRASONIC ATOMIZATION

A. Capillary Wav,-s Formed on the Surface of Fluid Flowing

over an Os.-illating Surface

This theoretical study has the objective of determining the wave

length of small capillary waves on the surface of fluid flowing over an

oscillating surface. The wave length is of interest since it is likely

to be closely related to droplet diameter of any aerosol produced from

the fluid.,

The analysis begins with an idealization of the physical situation.

The present mathematical model differs in two says from those used in

previously published analyses.Z

(1) The oscillator is considered to have a rocKing motion
rather than a uniform transverse vibration. This
complicates the analysis, since the underlying smooth
flow fitting the oscillating boundary is no longer
just a rigid motion of the fluid. The rorking motion
more clos.ly simulates the motion of our high-flow
devices (Section 1ll-A-4).

(2) The amplitude of the waves is supposed to oe ccmpa-
rable to the 3mplitude of the excitation. This is
likely to be the case near the upper limit of validity
of a linearized, small-wave theory.

The results differ from previous results in that the unstable waves

are of resonant rather than of the parametrically excited type. They are
• .,• simple st~anding sine waves and so fail to explain the observed Iocaliza-

tior of unstable waves on the disseminator.

I . Mathematical Model

In the model, the oscillating surface is taken to be infinitely wide

and its mode of oscillation is simplified to that of a rigid, flat planeI in oscillatory rotation through a small angle about a ;ixed axis.

tV,
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The fluid is supposed to be inviscid and incompressible and to be

iri irrotational, two-dimensional motion. It follows that there is a

velocity potential 'D obeying Laplace's equation

4r TY (1

suc% that the velocity components are 4) and 0x, Here MXY) are laboratort

c.'ordinates, and literal subscripts indicate partial differentiation.

Bernoulli's law 4 relates the pressure P to the potential function:

P/p ((D' + )2 C(T) (2)

where D is the constant density. a' is the time, and C is an arbitrary

function of T alone. If F(X.Y.T) 0 is a surface along which the fluid

particles flow, i.e., a material surface in the fluid. the kinematic con-

dition relating F and 0 reads

F7. 0/ 0 .x (3)

For the function F defining the free surface, (2) and (3) bold with the

pressure in (2) being due to surface tension and therefore taken propor-

tional to the curvature K of the free surface:

K = ~ ~ ~ *F2,F/(F2 + 12' - 4

If the constant of proportionality is written pT0 the free surface dyn~amic

condition becomes

x P~+~ /2 =T 0K .(5)

To complete the model, the wall oscillations and conditions need to

be specified up- and down-stream of the region of interest. To obtain a

first, simplest problem, take the wall to be straight and rotating:

Y X tan!S. A Asin c.1 (6)

where A and c. are given positive constants, A < -P/2. The region of

interest isO0 <X <L. Y >0.

12
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0Gndit~ions at. X 0 and X L are specified helow to simplify the

zmathematics.

2. Boundary-Fitting Coordinates

It is convenient to introduce coordinates (xy.yt) in place of (X.Y,T)

by mecans of

x 'X cos 6+ Y zin e)/L

Y ! -A sin 8*Y cos 9.)/L

f (7)I where the length L of the reed and the ci-cular frequency cs- of its oscil-
lation have been useAk for the nondimensionalization. Poz.ential function 0

and surface functiun F are replaced by

c~~t~x ~ (Ibi) Y= (0X T)-

f(A,y. t) F(X Y.T n (8)

One finds that 4- satisfies Laplace's eqzuation in the new coordinates:

C6~ 0 (9)

1he kinematic condition on any material surface f(x~y.t) 0 reads

= MV : A 0 on f 0 00)

!f f 0 is the free surface, dynamic condition (5) becomes

-4)ArY. 0;(2t+ ,f- 2f 1 f f, f7  * , =(

on f =0

13 S
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sin T, T.ý (12

and ~- th prm niae ifrnito o ucinwt n ruet

Th ieai odto nteoclaigwl sfudb utn

91 (A .g W0o 9, (4).~

0 ai~ t, T 0 /.L (12)

And theprie isndicaoweso tihatpotintio l forcio a fu can beth kene atgubet

an e kg eai canbonpesdito on ser es osilan Aal isfoidvesptn

g h yg! i+ eAa2o (10)

rAW on+ (18)

Th to oniton o hefre uric ae iplfid r ncio14i

ill~~~~~~ ~ ~~~~ cosdrd-4esord(rys ha ~~) Teecniin
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%Isere the coefficients of pnoers of A are functions of x, y. and t, Sub-

%titution of the series into the various equations sijows that Lime d'"

are all solutions of Laplace's equation.

From equations (13). (16). anid (17)

I on y or x Oorx I (19)

Equation (14) gives, through terms in A2,

g~) 6-0~ 0 on Y h (20)

g( 2) h/fl (!g(1- 1 .4 (1)g( 0(~J2) 0 on y h (1
S 1 YY Y a y h (21

there on yon g is expanded into a series in A:f

= [V'~ A g(-' I 1*(y A' [0 A~ ~2)I * (22)

41 g Y-, ...

Siosilar treatment of equation 0i5) gives

=T 19~ on y =h (23)

2 - / 7 (2 on7

4. First Order Solution Functions

-Ie general solution of Laplace's equation shich satisfics thej\

f boundary conditions prescxribed fo " in equation (19) reads

01y _-( h)o' B. sin *n.x cosh zmiy .(25)

where the B, are as yet unknown functions of t. Eli ~na ing gQ.) between

eqains (20f and (23) gives the other condition on i-

T,(I' on y Is (26)

A -.~-fti Z



-li Is -T + (n 3. TIR si i ti

-z - 2- n-

Equastit ion (1-0 givestx.amtdrr fq i

Assuin g that f at ain certainx time ; the free msurfa uetis them r coefaidiets
patce Sare m en tarily sts i ll': (iml)ie Bs i a. i B mh 0 (27)l s ta

Thm equationnt (27 saa ti sfi ed by-f.nde, reLalceshqato

and condtin (19) (2) + 51 sim (29) h ls wora

EquationT (202gs

whieth ge neral ) souion ofl theb other equasion A ~s is

At
1 i -I cs ey(4

Assuingtha at cetai tim th fre sufac isunrufle an -7t



Elimination of g(2 between equations (32) and (33) gives

(21on y (35)

Trhe solution of this equation under quiescent initial conditions has the

form of equation (34) with

-D/A 4)1 sin 2t x ,~ 2

C (36)

L[-D./4ht cos 2t =2

where

D 1 (-l)1(%nin) 2 
-2] 2)/(n70 3 cosh n-nb (37)

.--- and X. is defined in equation (28).

The system is resonant at X. 2. The corresponding value of it is

th~e integer it, nearest toa solution of

(n OW) 3 T, tanh nuYh 4 (38)

The wave with n. crests and troughs either has much greater amplitude

than other waves if X., is near to but different from 2. or it. has an

* amplitude growing with time if X 0 = 2.

In approximation one takes

(2) H
P C0  si s017x cosh n.-ay .(39)[

By equation (32) there corresponds

8(21 n 7'-- sin n,-i7x sirih n07ry (40)t

where

Ii-D./2(X - 4)] cos 2t

aC jj(D.116) (cos 2t *2f sin 20)

17
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6. Aerosol Formation

One theory of aerosol formation relates droplet size directly to the

wavelength of capillary surface waves. Mhe wavelength A of the resonant

suface wave found above is 21/tso. If n.v ,te tn ~~
and equation (38) can be solved for n. so that

A r2n1.QiilI/04) = 2n(ihL /4f* 2 14 (42)

where P .TO is the surface tension aand JuL the undisturbed depth of the

fluid.

Data reported in Tables I! and III in Section IIl-A were obtained in

experiments with different fluids at nearly the same frequency. For a

qualitative result, one can assume the fluid depth to have also been con-

stan't. It is then possible to ralculate by means of equation (42) the

dependence of droplet diameter on surface tension and fluid density.

This is done by assuming wavelength and aerosol diameter to be propor-

tional with proportionality constant given by the data for water. One

finds a rough sgreement with observation, as seen in Table I.

Table I

TIIEOBEITICA!. DFPLET Dl AMMTES

j THEOPETICAL oAsiVERAG

LIQUID DIAMETER DIANMTE
(aicuas) (ujcrops,

water 30 1 30
Acetonie 24 22)~

SEthanol 24 19I

Methylene chloride 05 30
Toluene 1 25 12
Ethyl acetate 130

In another theory, droplets are supposcd to be formed during the

Catastrophic collapse of cavities. Equation (39) shows the potential. q,
- -to be proportional to cosh nwny. Hence, derivatives of ýz and, by

equation (2), pressure variations are greatest at the free surface, where

y is greatest. The present analysis thus predicts that cavitation will

be concentrated near the free surface of the liquid.

7,77
4.'
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7. Discussion of the Model

The mathematical model above is one in which the waves are of ampli-

tudes comparable to that of the reed. The smooth flow on which the waves

are superposed has been taken to be one in which the fluid surface remains

parallel to the reed. The results of these assumptions are that the ef-

fects of rotation are minimized, and that the waves have uniform amplitude

down the length of the reed. Also, the type of instability shown is just

the large amplitude resonant response of a linear, fixed-parameter system

driven near a critical frequency. This resonance occurs at twice the

driving frequency.

By contrast, the theory of Benjamin and Ursell,' which is well sup-

ported by their experiments, provides instability excited parametrically.

The unstable waves grow exponentially fast, their fundamental frequency is

half that of the driver, and harmonics of the fundamental are also unstable.

The main difference between the two theories seems to be that the

driver amplitude is small in the present theory-of similar magnitude to

the resulting waves-while in the theory of Benjamin and Ursell the waves

considered are small with respect to the driver amplitude. This is evi-

dent in their linearization of the Bernoulli equation, where a product of

driver amplitude and wave amplitude is retained. Such a product is a term

of second order here and would not survive linearization.

A major feature of the observed flow that has not been found in the

present analysis is the localization of instability. The waves found here

stand with constant amplitude down the length of the reed, while aerosol

formation occurs only near the tip of the reed. Taking the basic smooth

flow to be flow with fixed free surface instead of flow with free surface

following the reed oscillations may correct this defect of the theory.

An experimental device presenting a wide flat surface undergoing

simple rocking oscillations is shown in Figure 1. the waves over a large

part of the aluminum wedge should be uniform and regular, with no distor-

tion from curvature of the underlying surface or from edge effects. The

theoretical analysis presented above refers directly to this configuration.

This experimental device would facilitate the needed comparisons with

theory. V
L•--
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DISSEM ATOR

B. Dctermination of the Normal Modes of Vibration
of the Wedge-Shapied Device

1. The Physical Model

The physical model is an axially symmetric shaft, %ith the cross-
section shown in the following figure. In ties of the axial symmetry,
the radial and vertical displacements, u and r respective ly, %ill
depend only on the coordinates r and z

Suitable boundary conditions might

be

U 0, 7 0. v O0at z 0

n
Or 0. a z 0 at r =b

(2)

and atr bI

(3)r
b -

where n and t are norm~al and tangential D4@-MU

directions and a- represents stress in

the usual notation.

20
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Since the nonzero stresses! are given by

+ - + - +~~ .)2G~ (4)

r Tr r a

+ (5

2G)- (2G

(;i r ; + r

Thee propsted methods of soludtyon ais thast ofwrityeithe boida, described

(ere br ()iey Lerm Of Lndtbe dipot eentia a-d kietcenlleoowtesoe

d r6-

12 L + 2 (2 62 2ld +;1. 0 (9a) 4i

(b 'a r '6 r '\ ir23

Y ~-
AU ýu ýI

~ -a
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r** - 2 B (10)

while T is a function of the displacements u and r. If we suppose that

u and r have the forms

U . (11)

"a

S-- ow a 112)

where-the ai are constants and the u2 and r, are func-tions of r and z.

and that each pair. u, and r,, satisfies the boundary conditions (1).

(2a). (2b). (3a) and (3b), then V and T will depend on the a,. The ratio

V ; •(13)

is minimized with respect to the a, when

-- V - X •a T0, = 0 = 1. 2 n (14)

- Eauations (14) are linear and homogenous in the a, and thus ail! have a

-- nontrivial solution only when the determinant of the coefficients vanishes.

This condition reduces to an nth degree polynomial equation in ý, called

the characteristic equation. The roots, X(') of the characteristic equa-

tion provide upper bounds for the squares of the first n natural frequen-

cies of the model; that is,

> - ' ->' >-

In the case that the set of functions {u,.,,.u 2  is complete then

as

While the method described is theoretically applicable, it appears

difficult to generate a sequence (u,,r,) that satisfies the boundary

conditions. Furthermore, there is some question regarding the proper J_

"22 -
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_oundary conditions. In particular, the condition :r 0 oF (1) may not

be the wisest choice for model compatali 1 t'.

2. A Numerical Case

As a simple example. the following functions were sr~ertd:

az2 it V)I .~

I (b 1 r

ab .. ... r z

1b 1b 12 b21

TIThen V has the expressionl

I

z 0 ".b 2 T 0. ,a irdrd: 118), )

3. Change of Variables

By changing the variables

- r - r ------ Ir T, - = u(r,:) - r w,), sr,z) = (r.i

t -r(r.i•) = .. (r,:), •a(r,r)) = er,:)

-t e(r,r1) = t,(r,:), c,.(r,r) E :,.(r, (19)

23

.2-77



z IL

_Z' b

-rr

I~ TA-4 57:I ~ ~~~whiere r- orincsi

r 7/

r)~z drri (21

2 24

V ~ ~ ~ ~ ~ ~ Z Y~~ M 3 ,



Wt~ ;c. -Z

where

~r~rr (22)

E 8  = I/r =(23)

b(1 7

+& I (24)

BF, B3r - (2

u=a72±( Z, 2;u

rr~j

ar br

a a- =a27 I+r )2(7

-12

r -7 - 7

22

r )27 (r 71) (26)--- -- -



-~ -

.~ . . . -

~ t

Me epeso fo V Tca berwittni Vitodcn h oa

tio E Ea t-a

a a a~

E~ r-EAB t ,t , J 1 (0

Lion ~ an~ ' fm 1 '02

a.. (31)

4r r

th exr- o for T becomes
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The integrals afiove are evaluated numerically by summing properly

weighted values of the int~egrand's at mesh points, the mesh being super-

imposed over the triangle in the preceding diagram (on page 24). In the

example b/i 0.8928 and 6/1 0.4464 were considered and the calculated

values of p2 are

P~ 2 3.8 - = 0.8928
14 I

and

Eb2  b

p- ~3Q~~ 0.4464

These values do not. give an estiamate of the true values nf p2. %tore

reliable results can be obtained by selecting more free parameterz such

j ~as 'a2' in equ2tions (16) and (17). and establishing convergence numerically.

Furthermore, it should be noted that the results of the two-

dimensional problem very much depend on the boundary conditions on the

surface z =0. The conditions existing in an experiment should be care-

fully designed before any accurate estimates can be done.

-~ iI4. A Very Simple ApproximationJ The solution of complete two-dimensiornal probiems is very difficult.

However, in order to get. accurate results we should attempt to solve the

1 problem. In the meanwhile a very simple model has been Constructed to*Fe 'It the order of magnitude of the frequencies.

I The cylinder is held together by shearing
I4stresses T and normal stresses a$. It. will be4

assumed thesi are small and can be neglected- ThenI IN~ -the cylinder under consideration can be considered]J to be consisting of infinite numbers of thin laminae

of triangular shape. These laminae can vibrate in -
dependent of each other. Then the problem reduces

1 1 to finding the natural frequency of vibration of a

thin lasaina of the following shape.

I This lamiLa will be consid~ered as a simple

TA-4g@O-2S4 cantilever beam of varying cross-secti~in.

727
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Then the deflections yof the beam cain be assumed to bc

Y X(x) Cos Pt

The boundary conditions to bc satisfied are

(1) EI()• - x -

J2

(2) - [EI(X)d- = 0 x= 0
dx d2

(3) X 0 X I

dX -

dx

The solution has been attempted by the Ritz method.

The following exrsso IFar X has been assumed.

This expression satisfies the boundary-condition. Then the Ritz method

reducer. to the evaluation of p by the following equaztion:

:x7,

2 ~ ~ (d 2XX 2d4

p ~bx X dx

PfbxV
1(x) 4, d7

"Wth a, 0, the evaluation of integra!s yields

4ii14 [ :
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If we use both aland a02 then we have to use Raieigh-Ritz method of
minimizing the integral

0

Thi~s process yi~cids

2 9.431 E b2

4 p 1 4

The frequency f is given by

2,7

29
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III EXPERIMENTAL STUDIES

A, Studies of Particle Size and Velocity Distribution

'.Ultrasonic Disseminator

The ultrasonic disseminator used for thesc studies is similar to

one described earlier. s The design followed quasi-optical principles

for circular Fresnel lens construction, assuming that an ultrasonic beam

reflects from an air-solid boundary following the same laws normally

applied to light reflections. The disseminator is shown in cross-section

in Figure 2 and constructed ready for operation in Figure 3. Con-

struction ;s of solid aluminum, ard the ultrasonic energy is supplied by

CIRCULAR HOLE
WITH ROUND BTO .~

4,/

7, 30ý

CIRCULAR HOLEI-/

FIG. 2 CROSS-SECTIONAL VIEW OF THE ULTP.ASONIC DISSEMINATOR
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FIG 3 ULTRASONIC DISSEMINATOR WITH BONDED TRANSDUCER

I
32

I
I _______________

________ 
-



N.F.

a 2-inch-diameter. 1.25-inch-long, lead zirconate solid cylinder fitted
in the circular hole in the base. Maximum vibration occurs on the upper
conical face over a ring area adjacent to the lip of the center hold.

Considerable vibration also occurs over much of the surface of the center

hole, though it is of lower amplitude. For these studies, only the high

amplitude area has been used. As constructed, the device is far from
optimum: much basic information concerning the focusing of sound waves

from a cylindrical source remains to be learned.

The electronic device used to drive the lead zirconate cylinder is
a self-excited oscillator in which the transducer becomes a component in

the output stage. By proper tuning, the driver can be made to "lock on"

to the resonant frequency of the transducer-disseminator combination and
deliver maximum power at that frequency. The actual circuit used

(Figure 4) is an extensive modication of one used by Perron to power an

" • t17 Voc

I FIG. 4 SELF-EXCITED OSILLATOR

ultrasonic oil burner. The use of a resonant device has provided a more
stable drive to the di3seminator and 0as proved much less bulky and

troublesome t.o operate than the standard combination of RF osci-llator

and wide-band power amplifier.

2. Measurement Equipment and Techniques

iA photo-optical technique was used to directly measure properties[
• •j of the aerosol produc-ed using the ultrasonic disseminator. The measure-

m •mert. system had to provide a method of enlarging the images of the K<
33 10
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aerosol droplets to a usable size, a method of recording the images thus
produced, and a method of lighting the images so tihat inistantaneous

velocity information from individual droplets could be recorded for later

analysis. The chosen tec'hnique imposed P limitation on the size of the

aerosol spray: it had to be confined to a narrow stream. ,o that indi-

vidual droplets could be easily distinguished without being obscured by

the many other droplets which would be presetit in a full circular spray. I
The disseminator operating in thbis manner is shown in Figure 5.

a. Optic-l Apparatus

The des;gn of the optical system is shown in part in Figure 6

Light from the electronic flash unit is collimated before passing through

the aerosol spray. Images of the aerosol droplets, %hic-h appear opaque

when illuminated from the rear, are focused by the objective lens. A

negative lens placed at this focal plane enlarges the image, producing a
magnification of 26X at the final film plane. The film is mounted in a
4 x 5 view camera equipped with a shutter synchronized with the flash

unit.

6. Electronic Flashtube l.ight Source

"An electronic flash source was designed toprovide short-duration

light pulses for recording droplet images on film without noticeable

movement. The unit was developed for two purposes: (1) to produce

single-flash illumination of the aerosol stream for investigating the

method of droplet formation at the surface of the disseminator and to

investigate droplet size distribution at various locations in the aerosol

stream; and (2) to produce double-flash illumination for studying droplet
velocities in the stream.

This unit employs two flat-!ace, 3!4-inch-diameter flashtubes which

have flash durations of 10 Asec, and a step-adjustable time delay between

flashes of 20 Asec to 5 =illisec. Figure 7 shows a schematic diagram of
the unit as operating for use with high-speed black and white film. When

color film was employed for studying the droplet velocities described

below, the short fiash durations fell within the film's reciprocity

failure region, causing an apparent loss of film speed. For use with

color film, the size of thie storhge capacitors was doubled.

34



FIG. 5 ULTRASONIC DISSEMINATOR WIT"H LIQUID-FEED ARR/,NGEMENT
FOR PRODUCTION OF NARROW AEROSOL STREAM
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J Wratten filter was chosen. Times ranging froni 20 Ipsec to 5 msec b'ctween
exposares were tried; a good time difference for positive droplet pair

I ~identification and accurate distance mebsiarement is 200 jisec.
I At the same time, we experimented with various color films in a

search for a material that could produce an image With usable color
contrast while retaining sufficient sensitivity with the short (10 zsec)

- I exposure time and without objectionable gain size. Polaroid Type 58

color film was first tried as the recording maedium but was soon abandonedI ~becatise it did not have Or' necessary speed. The next material tried was

KdkEktachrome abeet film, which produced marginally usable results
when specia-ly processed for 4X (2 stop) i'acrease in effective film speed.
This special processing, while affectin~g the color balance of the film
(cften nonrepreoucibly), did not materibily increase grain size or reduce

I acuteness.

j The search for a suitable recording medium ended after experimenting
witl' roll-size Kod,.k High-Speed Ektachrome film. This film, which has a
sensitivity advantage of 3X over Ektashrome. can produce usable results

with normal processing maethods.I ~An example of the results obtsined using t~his technique is shown inf
Fi:gure 10. Here, the first set of droplets is blue and the second set
is yellow, with the background a combination of these colors. The ex-

posure was madv in the following manner. The first flash wa3 through the

yellr~w filter, exposing the film everywh-ere except through the aerosol II droplets, the areas of which were left unexpozed (opaque). The second
and bluish flash occurred 200 isec later, exposing the film everywhereJ except in the areas then occupied by the droplets. Thus, the background

I assumed a greenish coloa: and the areas left unexposed by the first flashI were exposed blue. The positions the droplets occupied'during the blue

flash were not exposed to the blue and were left yellow.I ~Many of thedata fordroplet. size distribution studies were taken
i-th this- color film and single flash illumination. The droplet edge
definition was superior to, that obtained using fine-grained black and

white film. In this case, o'ne unfiltered flash was used, producingI
transparencies showing a bl.ue background which contrasted well with the

aopaque droplets.-:?
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Readout of both droplet diameter and distance of travel was accom-

plished using a Tele-Readex Model No. 29E-32 film analyzer which permits

lox viewing of projected images and provides for first digital readout.

3. Data and Results

All data were taken while the disseminator was operating at reso-

nance, about 53 k~lz. Because the construction was imperfect, three orj

four individual resonances could be obtained using slightly different

tuning settings of the self-excited oscillator. Changes in temperature

during operation would also slowly shift the resonant frequency. During

each experimental run, the device was constantly retuned, and care was

taken to ensure that the same resonant peak was used for each complete

run. Power delivered to the disseminator averaged 5.5 watts for all runs.

Test liquids were applied to the active area of the disseminator by

flowing them through a 26-gage hypodermic needle. Liquid flow rate was
measured by observing the level. change in a burette; the rate was varied
by means of the burette stopcock and by varying the liquid head.

a. Aerosol Droplet Size Distribution as Affected
by Surface Tension and Viscosity

To gain basic information about the physics of aerosol produc-
tion. we first investigated the possible influence of surfac't tension and

viscosity on aerosol formation. Each of the liquids listed iL Table 11

was disseminated by the apparatus described above.

Tel 11
ZZ L1IQUIDS SEL.ECTED FOR -AUROSO. DWOPLET SIZE DEETEHIWNATIQ'i

I~ MFACEIjIL1 D_/CSIT TEdyINelc VCep)I

Water L.00 72.7. 1.00
Acete~e 0.79 23.7 0.328k
Ethanol 0.9 22.3 1.20
Hethylene chloride 1.34 1 502 0.449

Ethyl a~ctete 0.9 23.9 0.455
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These early experiments were done before development of the

photographic system was completed. The 26X photographs were made on

Polaroid film and droplet diameters were read using a hand lens. All

droplets in a one-millimeter-square area centered at a distance of I milli-

meter from the disseminator surface were measured and each droplet size

was determined to the nearest lO-micron diameter. The results, shcwing the

percentage of each droplet diameter encountered and the total number of

droplets counted for each sample, are shown in Table Ill.

Table Ill

AEBWO3L I)S10PLEET DIAMLTMRI PERCENTAGE OF VFOKELT
£JVJO NU~TEOTA DIAN ETERS

Aethrent16 313 0I 2 6r e 26 19 27 20 18 11 4
Tolucene29 36 35 24 5 2 --

F~byl acetatej 367 141 33 17 
1 7

The aerosol droplet diameters of the test liquids showed marked

jdifferences. The results of this early study indicate that, in the~ area

ehogen for analysis the diameter of the aerosol droplets produced appears

to he controlled by the surface tension of the liquid. Lower surface
tension produces smaller droplets. The viscosity of the liquid does not

appear to effect droplet diameter.

b. Effect of Flow Rate on Aerosol Production

The rate of liquid flow to the active disseminator face was

varied to determine hlow the resulting aerosol might be affected. We were

chiefly concerned that the thickness of thelIiquid l ayer might change and
would influence the size rf aerosol droplets formed. This larger size. in

turn, could affect velocity of droplet travel. Mleasurement results indi-

cated little effect of flow rate on either droplet diameter or velocity.

For these experiments, distilled water was introduced to the ac-

tire disseraiaator area and aerosolized as previously described. At eachI

selected flow rate, single-flash photographs for droplet size measurements

43
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and double-flash photographs for droplet velocity masuremeRtS *ere made

in quick succession. In addition. tuning was carcfu!lý. adjusted between

each flow setting to MinimiZe changes in the dissemin~ator performance.

Table TV indicates the results of analysis of the data photographas. A s

before, an area one millimeter square centered at a distance or one mil-

limeter from the active race was investigasted. For droplet size data.

all in-focus droplets were counted. For droplet velocity, all inra-ocus,

positively identified (by diameter and color) droplet, pairs were measured.

Table IV

AEROSOL. VEI.(XITY AND DROP SIZE fllSMHATIMC)

AS A FUNIjT7ION OF L.IQUIJD FLOW P.ATE

No. M Av.
FLO Ar OiOLT V DW~PLET DROPi(LET No. OFt
RAiTF VELOCITlY DEV'IATION PA I WS DIA3IL1ThR DOLT

(al/br) I(~UjSec) (un,/aec) WEASMTED laic-ons) _________

15 377 93 M8 28.4 49

15 227 q8 20 129.1 35
i90 220 b, 2 22 28.8 128
160 2178 89 13 31.3 142

1401 26 124 18 3-24

27 I 179 1 69 40 27.3 78

Except for a higher apparent, average velocity noted at the high-

est (165 mI/br) flow rate, there appears to be no definite change in average

aerosol droplet velocity with flow rate change. At the highest flow

rate, many of the droplet pairs were obscured by others and the result

is less reliable. The reading was included to indicate the maximtjn flow

rates that can be handled by Lhe photographic technique. Average droplet

diameter also 2ppears not to be affect~ed by changes in flow rates.

The narrow aerosol stream used for these measurements was neces-

sary for the photographic technique. For actual operation, the disseminator

would support flows of considerably higher rates, since liquid would be

flowed onto the cozmpleze active area. Pending actual trialzs at full flows,

we estimate that a rate of 100 cd/hr would corri i'ond to a flow rate of

between 5 and 8 liters/hr, i~f liquid were introduced over the entire active

area. A

4A,
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c. Aerosol Stream at Distances from the Production Area

4Some evidence pointing to droplet coalescence occurring at a

distance from the disseminator had izeen noted in earlier exoeriments. It

was thought that coalescence could accompany, or be taused by. reduction

-~ ~ in the velocity of the droplet stream. Accordingly experimental data were

taken of aerosol droplet sizes and velocities at distances of 1 to 40 mm

from the disseminator. As before, droplets contained in a one-millimeter-

square area about the nominal measurement point were analyzed. The liquid

measured was again dIstilledt waaer, and the driving frequency of the dis-

seminator was 53 kilz. The liquid flow onto the active face was kept con-

stant at 54 sI/hour for all measurements. The results of this series of

measurements are shown in Table V.

Table V

AEROSOL D3ROPLET SIZE ANiD VELOCITY %TRSUS Di~sTA.\cE

MM OIITE ACTIVE FACE

AVEIIGE NOM1EI~O AVM4EWE O
FRM DOLT DEVI ATION DROM.ET * DIOPLEs- NMMO

A CM WE VELOCITY VELOC Ms PAIRS DIAMZEPR DOL

1 135 46.2 31 T32-5 4 2

10 455 95 38 35.0 34

20 436 4 1 51 !32. 9 27

30 460 35. 3 2a 37.0 37

40 465 36.8 29 *37.fj 23

Thlese measurements showed a very rapid increase in droplet velocity to a

remarkably constant velocity at a distance of I tol1O mm from the dis-

seminator. We have no definite explanation for this unexpected effect.

There is a possibility that the observed effect %as caused by an entrained

airstream. Fhqn a continuous aerosol stream is generated. an airflowI
pattern is produced around and within the stream vith a direction of4 travel parallel to the stream. It 'is therefore postible that such an

airstream,once sterted,could positively affect the droplets away from

the disseminator while having less effect, or even a negative effect, on

is that the ultrasonic field generated in the air by the disseminator is

acting on the water droplets. This type of effect was shown to exist in

earlier work when aluminum particles were dispersed by the same -type of

45
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disseminator, and the effects of the ultrasonic field could be clearly

seen on the suspended particles.s Both possible reasons for the velocity

effect measured are only suppositions, and addit.ional measurements will

be necessary before definite answers can be given.

Droplet size distribution data showed thatwhile somecoalescence
occurred as distance from the disseminator face increased, the percentage

of small droplets remained high. actually increasing at some distances.

The interaction of these two effects kept the average droplet size rela-

Lively constant as a function of distance. It should be noted that this

is a rather insensitive way of determining coalescence, for tile diameter

increases only as the cube root of the volume; thus many coalescing drops

are required to change the diameter of a droplet significantly. A clearer

picture of the droplet size distribution can be obtained using the histo-

grams in Figure 11. We think that evaporation ma% be playing a major role

ir. the continued presence of many small droplets at distance and that an

experiment using a high-vapor-pressure liquid should be run to investi-

gate further the effect of distance on aerosol particle size distribution.

Coalescence into larger drops would occur more often in operation when

the whole active surface of a device is used. The geometrical spreading

of the thin aerosol stream we uased increased average drop separation.

The average deviations in the velocity reported in Table V show that

collision and coalescence are likely to occur.

4. High Flow-Rate Devices

Work previously performed on this contract produced a number of high

flow-rate devices. The most succesnful one has been described elsewhere.'

Briefly, the vibrating device consists of a ceramic piezoelectric disk

bonded te a resonant metal wedge. Figure 12 shows the device in longi-

tudinal cross-section. The mode of vibration of the ceramic transducer

produces atype of "rocking" of the circular wedge. Theoutside of the vi-

a brating wedge issurrounded byametal - ingthat feeds liquid to the vibrating

surface through many circumferential holes. Since the design procedures forSthis device were somewhat empirical, an attempt was made to obtain some
design data from analysis. The circular *edge was first considered as

consisting of thin, independent lamina, in the shape of the cross-section

4
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considered. This wtork is described in Section Il-B; time did not allow

an experimental check of the analysis.

Since photographic techniques for obtainiiag droplet size distribu-

Lions are not useful at high flow rates, a standard sampling technique

was adoptedI for use *ith these devices. Briefly. .a microscope slide

jcovered vwith a thick layer of magnesi oxide was passed through Lthe

aerosol and Lthe rc-sulting "hole:; ain Lte powder layer were viewed with

a microscope. The numerous problems with this techinique have been

described at length in Lthe monthly and quarterly reports and will riot, be
repeated here. At lower flow rates. Ltie aerosol was sampled by this

procedure atid photographed by the techneique dest-ribed. In Lthe Previou3a

section. 'Number versus dia Meter distributions obtained by Lthe two tech-

niques show the photographic tet-hnique to yield sharper distribotions of

droplet sizes.

it was later suggested that the magnesium oxide t£.chnique is poor

for this size range (4O-5Ou dr-oplets from the 255 kllz-sec device) because

the sizes of the "holes" are not, only a f-,nctioin of Lthe droplet size but

also depend on Lthe naLtire Of Ltme impact. It is al.so known ?-hat small

droplets (say about S&in diameter) would tend to go around the slide.
The suggested alternative procedure itevolved a Stokes law type of pre-

cipitation of droplets. One could utilize a simple vertical settling

of the droplets or trap the aerosol in a horizontal laminar flow of air,

from which the droplete would gradually settle out.

B. Studies of Capillary Waves and Aerosols

1. Step-Horn and Aszociated Equ~paent

I ~The step-horn generator used in the observata-nn of capillary wavesj

ical velocity-transformer bonded orstoc a PZT-ý ceramic transducer. Thi's

device is driven at 26 kHzlsec by a pow&er amplif'ier built at SRI. With

the inch-6dia5ete~r actie tnd horizontal. capillary saves were observed
adphotographed onthis surfece. A poo-el VX-i1a £cxak:,a camera uaa used,

with extension tubes fir the! low magnification photoz and with a ,:icro-

scope for the higher -manification photos. Aerosol production was

~jj Iusually st~udied with the emitting face vertical. The water aerosol thus

neither coats the optics of our cbsev~ing de~tices nor shorts the ~crs-mic

- - - 4
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transducer. In this arrangement the central hole is used to feed the
i4qu.id onto the active surface.

The amplitude of the naechanical vibration of the active tip of the
step-horn assemlbly -zas measured with & miodel K-D45 Fotonic Sensor isade
by M~echanical Technology Inc. In this device, twc bundles of optical

3 fibers are used in conjunction~ with a light source and a phatodiode,
Light tran~smitted from the source by one bundle of optical fiibrs is
incident on the vibrating surface. The reflected light, modulated by
the vibrating surface, travels to a photodiode by the other bundle of
optical fibers. Thus. the dev~ice has the sdvantage that it does not
"load" the vibrating object to any appreciable degree. The main dis-
advantage of the Fotanic Sensor is that one cannot scan acrcss a surface
and obtain relative information.

2. Observations

If a small quintity of water is placed on a vibrating surface, and
the excitation amplitude is varicd, a number of stages through which the
liquid passes can be observed with low-power magnification. Starting
with a low initial ampiitude and increasing it slowly, one first notices
that although the liquid surface remains highly reflectivz. dust particles
are moving on this surface, and tiny bubbles are moving around in the

-1id Th o% tg schrceie ymre vi on otion o hs
parices ndgeneration of tiny air bubbles from rough places in the
dovie srfae. ithmore excitation, capillary wzaves appear around the

ede ftelqiacmne yapril oso refieCtivit~y. Thesej
capillary waves appear as fine lines running approximately perp-tndicular
to thLe periphery of the isquid.G~ t  fths

The photograph in Figure 14 shv h igdvbaigdevice sufface J
wihliquid on the left, side of the photograph. A separate drep of water
apasin the center. With more excitation these capillary wave lines
exenvell into the major portion of the liquid surface (Figure 15a), and

thnthe lines shov evidence of breakup (Figure 15b). 'When the breakup is
-- ~~co~pleze ~Fgr 6,one sees the dot-like patterns that are called

cosdcapillary waves, iwn h liquid surface without magnifica-
to.one sees a general agitation of the scrface and a najor loss of

reflectivity.
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a. Capillary Waves

The existence and nature of capillary waves is well described

in the works of Benjamin and Ursel 2 and of Eisenmenger.1 The governing

equation has the forw of Mathieu's equation

-- (p - 2q cos 2t)V 0 (0)
dt

2

V is the amplitude of the capillary wav-, andp andq areparametersgivenby

4k 3 T
p - tanh i kh (2)p w2

q = 2kA tanh kh

whe re

k : ,= o2ea-2 b-2: (3)

The a and b are the dimensions of the waves in the tso jerpttadicu|l.r lire,.-
tions lying in the plane of the liquid sivrfacq÷ Tho other parameterA Nre

given as follows: T is the surface tension, z is the .rcalar excitatior

frequency, h is the thickness of the liquid layer. and A is the excitation

amplitude of vibration of the base. Solnti'.i of Mathieu's equation are

shown in Figure 17 in terms of the parameters p aLd q. The hatzh.d areas

are the regions of the unstable solutions that controi capillary waves.

Eisenmenger included a viscosity term in the governing equation. thaL

explains the capillary-ware threshold. Its effect on the unstabl÷ "oIu-

tinns of Mathieu's equation is to truncate the unstable zones-tLus

leaving the crossed-hatched areas in Figure 17 'the specific arcas sho--n

are for the case in which the liquid is water at roc. temperature).

Mathematical details of these solutions are described at length ti bocks

by McLachlan 8 and Hayashi,' the former showing the effect of including

the extra damping term. The theoretical and experimeatal mork of ,ensofi

and Ursell in the cycle per second frequeouty region and by Eisenzenger io

the kilocycle to megacycle per second region explair.) &,t general, tie

nature of capillarv waves. Eisenmenge- has used the measurement o'

capillary wavelength to determine the surface teasiwo of various swface-

active agents.
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FIG. 17 SOLUTION ZONES OF MATHIEU'S EQUATION
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The only mention of aerosol in these references is a statement

I 1by Eisenmenger that an aerosol is produced at a vibration amplitude of
- approximately four times the amplitude necessary for the formation of

capillary waves. If one assumes that kh in (2) and (3) is greater than

three (and rough measurements and calculations shck that for our case it

was), then the hyperbolic tangent terms may be set to unity. Minor manip-

ulation then allows k to be eiiminated from (2) and (3) and the following

relation between p and q to bee written in terms of known parameters.

4iT q (4)

,2 A 3

For water and an exciting frequency of 25 kHz/sec, p versus q

curves have been calculated for various values of A, the vibration amplitude.

These are the curves in Figure 17 that pass through the origin. Thus,

for this sDecific case, one can see that a vibration amplitude of
A = 0.00012 cm is necessary for the formation of capillary waves.

Measurement with a noncontacting optical probe (MTI, Fotonic

Sensor, Model KD45) of the vibrational amplitude showed approximate agree-

meet with the capillary-wave threshold predicted by Eisenmenger. Mcasure-

ments of the threshold of aerosol production also seemed to agree with his
claim of four times the vibration amplitude necessary for the capillary

-cave production. This is the A = 0.0005 cm curve in Figure 17. What

* has been noted and what is believed to be of major significance is that
the p versus q line for an amplitude of four times the capillary-wave

threshold just intersects the truncated second unstable region. Thus,

at the inception of aerosol production one is just starting to excite

the second unstabie kone.

A calculation of the wavelength in the second region shows that

it is related to the wavelength in the first region by:

!i •. = -•/•,.•(5)

I It is suggested then that this additional nonintegrally-releted

Swavelength causes the disruption of the capillary waves and is instru-

I �mental in producing aerosol.
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Measrrements of thresholds of capillary wave formation and of

aerosol production are subject to some variation. One source of this

variation seems to be the presence of bubbles. Bubbles on the order of

0.25 mm to 0.5 mm in diameter move around in the thin liquid layer and

they may initiate the formation of capillary waves and the production of

aerosols, possibly before the predicted thresholds are reached. Bubbles

appear from rough areas in the vibrating surface or from a deep scratch.

b. Cavitation

Cavitation has also been claimed as a basic mechanism in the

formation of an aerosol. In this process. the generation and collapse of

bubbles under intense sonic for~es cause a disruption of the liquid

surface. One sees evidence of cavitation in the atomization process.

A polished aluminur= vibrating surface from which aerosol has been pro-

duced shows evide-nce of cavitation damage. The surface takes on a
"*mottLled" appearance that, %ith magnification, appears as numerous small

irregular pits. One can also perform a standard test for cavitation,

although an exact definition of ca~itaLion is somewhat nebulr.ý. The

test consists of looking for the presence of chlorine in the atomization

of a solution of carbon tetrachloride and water. The action of cavita-

tion is to liberate the chlorine. Its presence is detected by a potassium-

iodide test paper. The test indicated cavitation for our stepped-horn
1 device.

Other liquids react differently under the influence of the vibi-a-

ting surface. Anextreme contrast to water is supplied by castor oil. Its

surface tension is roughly half that of water and its viscosity is about

one thousand times greater. With castor oil, one sees no evidence of

capillary waves. Tiny bubbles move around in the thin layer, accompanied

by a hissing sound-a characteristic of cavitation. At fairly high

excitation one sees a f~uzzy- central bubble with numerous branches and

stibbranches (Figure 18). The central bubble also takes on a sickly

yellow color. With the maximum amount of excitation present.i available,

no production of aerosol was noticed. With larger excitation, it is

expected -hat atomization would occur, and it appears from the above

description that cavitation would be the basic mechanism. Because of
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FIG. 18 CASTOR OIL UNDER INTENSE VIBRATION
ff = 26 kHz, omp not noted, magnification 7X)

the high viscosity--and high capillary wale threshold-oone expects
cavitation disruption would occur in this liquid well below the capillary

wave threshold. This may be part of the key to the relative importance

of capillary wave disruption versus cavitation disruption--that is, if

one reach-s the capillar%. wave threshold, controlled b% viscosit).

before attaining the cavitation threshold, then the capillary wave

Dhenomenon will be the cou:trollng mechanism. The converse situation

would then hold if the %iseobit- was sufficiently high.

T7e appearance is different shen water is atomized at measur- A

able flow rates. Instead of the fairly thick (i.e., surface tension

control) "puddle' one finds a fairly thin laver on the 'ibrating surface

of the step-horn. This surface and the emitted aerosol are shown in

Figures 19 and 20. Crade measurements of this layer show it to be about

0.25 mm thick. Over the range of flow rates of 2 to 50 ml"min, this

layer maintains approximatoli the same thickness With only the wetted

I area of ",e lhorn tip (vibrating surface) %arying.
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FIG. 19 STEP-HORN AND KEROSOL

FIG. 20 CLOSE VIEW OF AEROSOL AND STEP-HORN
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IV 
SUMMARY 

AND 
CONCLUSIONS

The theory of incompressible, injisvid fluid flow was applied to find

the wavelength and sLabill:t) of capillar% Yaves in a thin liquid layer

over an oscillating reed. Results o)f this analysis showed that waves of

amplitude comparable to that of the reed tip oscillation are excited by

simple resonance rather than b% the loarametric excitation that initiates

very small capillary waves. This implies that surface wave forms will be

simple sinusoids. Assuming that the instability of these waves is a major

mechanism for a.-rosol formation, droplet sizes at formation should be

quite uniform. A second result is that pressure extremes occur at the

free surface, where they are balanced by inertial forces and surface ten-

sion. In this theory, internal tensile maxima for cavity formation arise

near the free surface of thL- liquid.

An open question for theoretical and experimer.tal study is a deter-

mination of the boundaries between the parametric and the resonant capil-

lary wave regimes. Examination of the real flaid effects of viscosity and

compiessibiity and observation of surface wae forms as a test of the
theoretical consi.derations are also needed.

An apparatus for the dissemination of aerosols has been described.

A photo-optical technique has been devised and perfected for measuring

velocity and size of aerosol droplets. The prcliminar% results of this
work lead to Lthe following conclusions:

1. Surface tension apuears to be a controlling factor in the
size distribution for the liquids examined.

2. Bate of flow fo. distilled water in the range of flow

rates examined has a secondary effect on size andvelocity
distributions.

3. Sampling of droplet size and velocity at varying distances

shows a remarkable uniformity after the close-in sample.

This work is necessarily incomplete; one cannot claim to understand

aerosol generation from the high-flow devices on the basis of these

results. The effect of different frequencies and the role of liquid

e~aperation must be examined.
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The various stages of the excitation of a thin layer of liquid have j

been examined and described. The theory of capillary waves is reasonably

-ell established, but the transition to aerosol still rests on an

empirical basis. A possible explanation has been suggested for this

transition. It has been shown that cavitation plays a role in the
production of aerosol, and that the relative balance between cavitation
and capillary waves as acrosol generating mechanisms is probably governed

by the viscosity of the liquid. The governing mechanism is determined by

whether the liquid reaches the cavitation threshold before attaining the

capillary wave threshold and its subsequent aerosol threshold. Further

work should examine liquids of varying viscosity to check the proposed
hypothesis./
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V EVALUATION A•4D RECOMMENDATIONS

Work on ionic generation of aerosols was terminated before any signif-

icant Ldvances were made in understanding the physical process. M•luch of the

experixental effort described in this report was directed toward the devel-

opment of the theoretical and experimental tools needed in our etuudy. These

tools should be useful in any future study of sonic aerosel generation.

Among the preliminary results was a determination of particle size

in aerosols produced by one of our hign flow-rate devices. Less than

1 percent of the liquid mass was in the drops with diameters less than

10 microns. Drop size! could be reduced bZy louering the surface tens;on

of the liquid or by raising the operating frequency of the device. We

do not know how easily suzrface tensions of agents may be varied. The

operating frequency of the wedge device in Figure 12 may most easily be

raised by making the device smaller. However! this change would also

reduce the floe rate.

Sonic aerosol generators could be useful in chemical seapons research

in the following ways:

1. Clandestine dissemination of asents.

2. Harmless dissemination of incapacitating agents.

3. Laboratory tool for study of aerosols with controlled
drop sizes.

4. Dissemination of delicate chemical or biological
agents that would be rendered ineffective by explosive
dissemination.
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